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Introduction 32
The pale field-rat or Tunney's rat Rattus tunneyi is one of seven species of native Rattus that occur on mainland Australia. It is a small and docile rat, with short tail, 34 protruding eyes in a broad, rounded head, and often of light yellow-brown colour (Watts and Aslin 1981) . It commonly weighs from 40 -165 g. 36 Braithwaite and Griffiths (1989) reported the species' widespread decline across the arid and semi-arid zones of Australia and expressed concern for the species in the 38 wet-dry tropics. They highlighted "the paradox of Rattus tunneyi" whereby the species was a significant agricultural pest in some parts of its range (chiefly south-40 eastern Queensland), but had almost entirely disappeared from other parts, prompting conservation concern. This disparity of fortune was reflected in a recent action plan 42 (Woinarski et al. 2014) , where the western sub-species R. t. tunneyi was considered "near threatened (approaches A2abce)", but the eastern sub-species R. t. culmorum 44 was unlisted.
R. tunneyi is now predominantly a species of grassland habitat across tropical and 46
sub-tropical Australia from Broome in the west to northern New South Wales in the south-east. However early specimens and skeletal remains from owl pellets suggest 48 that it was formerly widespread through much of arid Australia, and in Western Australia its range extended to the mesic south-west (with a specimen from Moore 50 River in 1843: Morris 2000) . The causes of the species' widespread decline across this region have not been formally identified, but is believed to be as a result of loss of 52 its preferred creek-line habitat to grazing by European rabbits Oryctolagus cuniculus and domestic stock . 54
In this paper we provide information on the dynamics of R. tunneyi from a subpopulation at Shark Bay in Western Australia -the only known surviving population 56 on the mainland of arid and semi-arid Australia. A small relict population was identified at False Entrance on the western coast of Edel Land on the south-western 58 margin of Shark Bay in December 1968 (Kitchener and Vicker 1981) . This population was separated from the nearest other known mainland population, some 1600 km to 60 the north-east. The species occurs on many Pilbara islands, such as Legendre, West Lewis, and Weld Islands (Woinarski et al. 2014) , considerably further south, but has 62 not been recorded on the adjacent mainland.
While a representative of a typically resilient genus, the Shark Bay population may be 64 at risk. R. tunneyi (mean adult weight of 90 g) falls within the critical weight range (35-5500 g mean adult body weight; Burbidge and McKenzie 1989) that characterises 66 mammal species most at risk of decline and extinction. The species is a ground dwelling herbivore and the population at Shark Bay occurs within the arid and semi-68 arid zones; both factors associated with vulnerability to decline (Burbidge and McKenzie 1989 (Payne et al. 1987) , and hence Steep Point, Bellefin Prong and the northern part of Heirisson Prong were subject to low levels of grazing by stock. Feral 88 goats were a problem in the far west of the area, particularly along the Zutydorp cliffs to c. 2000 when control was implemented. The pastoral history of Carrarang dates to 90 1873, with sheep numbers in the greater district peaking in the 1920s and crashing to half that peak in the late 1930s due to drought, overstocking, and consequent land 92 degradation (Payne et al. 1987) . Carrarang was reported to carry a mean of 9,300 sheep units over the period [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] , with a maximum of 15,800 in 1971. The 94 recommended sheep unit capacity was 8000 and the bulk of the station was considered to be in good range condition in the early 1980s (Payne et al. 1987) . 96
The three peninsulas are considered part of a common geomorphic district known as 'Coastal dunes'. These consist of coastal dunes and undulating plains of shallow 98 calcareous sand over limestone or calcrete. Heirisson Prong falls largely within the Edel land system (undulating sandy plains with minor dunes and limestone rises); 100 whereas the peninsulas of Steep Point and Bellefin Prong fall within the Coast land system (large linear and reticulate coastal dunes, with minor limestone rises and steep 102 coastal cliffs) (Payne et al. 1987) . The Coast land system is considered highly susceptible to wind erosion if vegetation cover is depleted, and at least some parts 104 consist of large 'blowouts' and mobile dunes (Fig. 1 ).
There is a strong west-east rainfall gradient of annual rainfall across Shark Bay with c. 106 300 mm falling on Dirk Hartog Island and c. 230 mm at Denham on Peron Peninsula.
The climate of Edel Land is considered to be dry warm Mediterranean, while that of 108 Peron Peninsula is considered semi-desert Mediterranean (Payne et al. 1987 ).
Heirisson Prong is largely separated from the western peninsulas by a series of ponds 110 that impound water for a local salt harvesting operation established in the early 1960s (Fig. 1) Rabbits are abundant in the sand dune and sand plain habitats of Heirisson Prong, and 128 numbers fluctuate greatly with runs of high and low rainfall years (Short et al. 1997; Robley et al. 2002) . Abundance at a similar coastal location to the north of Shark Bay 130 were found to be linked to rainfall with high rabbit numbers associated with years of above-average rainfall (King et al. 1983) . Rabbits preferentially feed on perennial 132 grasses on Heirisson Prong (Robley et al. 2001) and have a major impact on their biomass. Species favoured by rabbits are Bromus arenarius, Eragrostis barrelieri, and 134
Austrostipa elegantissima (Robley et al. 2001) . Spinifex longifolius is common to the south of the fenced peninsula, but is now rare to its north, most likely due to grazing 136 by rabbits. Rabbits also have a major impact on Acacia shrubs, particularly A. australis were also present, although not commonly seen.
A yard system of 17 ha enclosed by a predator and rabbit-proof fence was located 160 within the fenced peninsula. It was used for initial establishment of threatened species and formed an effective predator refuge. It typically had fewer rabbits due to control 162 actions and hence higher levels of vegetation cover, including perennial grasses, than areas outside. 164
Other sites south of the barrier fence were trapped in an effort to establish the source of R. tunneyi on Heirisson Prong. These sites were chosen based primarily on 166 similarities to the known habitat requirements of the species in northern Australia (particularly dense understorey with grass and/or sedge species) as well as 168 accessibility to the existing track system. One site trapped to the south of the barrier fence was on the outskirts of the town of Useless Loop. Potable water for the town 170 was derived from bore water treated using a reverse osmosis (RO) plant and 
Trapping and animal measurement 182
Rattus tunneyi were collected as by-catch in studies of the impact of feral cats on the small mammal and reptile faunas (Risbey et al. 2000; Richards and Short unpublished 184 data) and the establishment of reintroduced threatened species (the marsupials Bettongia lesueur (Short et al. 1994; Short and Turner 2000) and Perameles Cage traps were baited with rolled oats, peanut butter, and sardines, while Elliott traps 200 were baited with either this mix or sunflower seeds. Traps were set just prior to sunset and checked at first light. When using Elliott traps, two traps were placed at each grid 202 intersection. Some cage traps were typically set in conjunction with Elliott traps to reduce interference by burrowing bettongs. It is likely that pitfall buckets were only 204 able to contain juvenile rats, so provide an indication of presence only. times, particularly of high abundance, only total captures of R. tunneyi were noted to determine overall trap success. Reproductive status was not typically assessed. In 220 some instances, hind foot measurements were taken, but not weights. These were subsequently estimated from a regression of weight (g) on hind foot length (mm) from 222 all available data from Heirisson Prong. Condition indices were calculated using the method of Krebs and Singleton (1993) . 224
Data analysis
Pearson correlation co-efficients were calculated for indices of abundance of R. 226 tunneyi (trap success) and prior rainfall over various periods from 1 -18 months, spotlight indices of rabbit and cat abundance, cat abundance with time lags of 2 -7 228 months, spotlight counts of owls, and diurnal counts of small birds of prey. A paired t-test was used to compare capture rates inside and outside of the predator refuge 230 matched for date of trapping. One way ANOVA with Fisher's least significant difference pair-wise comparison test was used to compare weight, hind foot and 232 condition at different stages of the irruption. All analyses employed the software 'Minitab 15'. 234
Results

Population dynamics 236
The first R. tunneyi caught on Heirisson Prong was in March 1994 ( and one or two were caught regularly in most sessions from July 1998 through to February 2000. Field-rats caught in pitfall traps were typically juveniles ( = 22.9 g; n 248
= 2) and it is likely that adults were able to either evade the pits or escape from them.
The first R. tunneyi caught during regular cage trapping of the track system on 250
Heirisson Prong was in May 1996. One or two individuals were caught in July and October 1996 and February 1997 (Fig. 3) . However, in July 1997, six R. tunneyi were 252 caught and they were caught on most trapping sessions thereafter through to October Figure 4a . Field-rats were also reported from town throughout 2002 (Fig. 3) . 286
Other small murids within the predator refuge showed highly variable patterns of abundance (Fig. 4b) . Trap success over time was highly dynamic for the house 288 mouse, with major peaks in May 1997 and May to October 1999 and lesser peaks in December 2001 and September 2004. The ash-grey mouse was in high numbers at 290 the beginning of the survey period but collapsed in numbers thereafter and did not recover. In contrast, the sandy inland mouse occurred in low numbers at the start of 292 survey and built in numbers through the survey period. The only species to show some temporal synchrony with field-rats was the house mouse in 1999, although that 294 peak and collapse appeared to slightly proceed that for field-rats.
Factors influencing population dynamics 296
Key factors likely to affect the dynamics of R. tunneyi are plotted in Figure 5 and include rainfall, an index of rabbit numbers, trends in abundance of nocturnal and 298 diurnal birds of prey (total counts) and an index of abundance of feral cats, juxtaposed with changes in capture rates of R. tunneyi over time. 300
Rainfall at Denham (22 km to the north-east) was below average for the years 1993-5 (178, 211, 171 mm respectively). This was followed by a period of above average 302 rainfall in 1996 (303 mm) and 1998 -2000 (246, 259, and 384 mm) (Fig. 5a ). High annual totals were largely driven by very high rainfall events in July 1996 (132 mm), 304
July 1998 percentile of annual rainfall (348 mm). There were no significant correlations between R. tunneyi numbers and rainfall over lesser time periods (1 -9 months prior). 312
The increase in capture rates of R. tunneyi (Fig. 5c ) occurred during a period of sustained low rabbit numbers following several years after a major irruption of rabbits 314 that peaked in late 1997 (Fig. 5b ). High rabbit numbers had a major impact on the vegetation, likely reducing the amount of cover and food available to rodents. The 316 spotlight index of rabbit abundance was not correlated with the abundance of R. tunneyi (Table 1) . 318 Owls (frogmouths, boobooks, and barn owls), small diurnal birds of prey (kestrels, kites, falcons, goshawks, and harriers) and feral cats all showed increases in number 320 coinciding with the major peak in R. tunneyi numbers in July to October 2000 ( (Fig. 5e ). This was reflected in a significant 324 correlation between abundance of R. tunneyi and the cat index lagged by 5 months (Table 1) . Field-rat abundance was also significantly correlated with a spotlight count 326 of owls to the south of the barrier fence (perhaps suggesting the eruption of field-rats extended to this area) and with diurnal counts of small birds of prey. 328
There was a significant difference in capture success for R. tunneyi inside the predator refuge as compared with that immediately outside (t = 2.76; p = 0.025; Fig. 4a (Table 2 ). This was driven largely by a change in mean weight. Another significant difference evident across the irruption was in sex ratio. The pre-362 irruptive phase was characterised by a high proportion of males relative to other phases (Table 2) . 364
In contrast to that of Heirisson Prong, the sex ratio of R. tunneyi at the habitat refuge south of the barrier fence (reverse osmosis plant) was 0.92M: 1F (n = 71) and the 366 proportion of juveniles captured was just 7.1%.
Discussion 368
Population dynamics and biology of pale field-rats on Heirisson Prong
This study has documented an ephemeral population of R. tunneyi on Heirisson 370 R. tunneyi were first detected on Heirisson Prong in 1994 and appeared to peak in the 380 area north of the barrier fence in October 2000 before rapidly collapsing. Early records and the subsequent irruption appeared to be triggered by high annual rainfall 382 in the years 1996, 1998, 1999, and 2000 (Fig. 5a ). These years typically included at least one exceptionally high rainfall pulse of > 120 mm per month, greater than four 384 times the long-term median monthly rainfall for that month.
The irruption of R. tunneyi on Heirisson Prong coincided also with years when rabbit 386 numbers remained low (Fig. 5b) . Rabbits peaked at very high levels in 1997, but remained low thereafter until spring 2002. The combined impacts of high rainfall and 388 low rabbit numbers were high vegetation density, including perennial grasses. In a 2.5 year study on Heirisson Prong, Robley et al. (2002) found a 5-fold variation in 390 percentage plant cover. Cover peaked shortly after a wet winter in 1996 (when winter rainfall was double the long-term mean) and declined thereafter through 1997 and the 392 first half of 1998, a period of below average rainfall and high rabbit numbers. likely to have hastened the subsequent crash in the field-rat population, but were not perceived to be primarily responsible as R. tunneyi within the predator refuge were 406 not subject to this predation.
In contrast, the population south of the fence in the vicinity of Useless Loop's reverse 408 osmosis plant, persisted through to at least 2004. This was core refuge habitat possessing dense vegetation, both thick shrubland and dense high grass, providing 410 cover from predation, available free-water, and extensive areas of grass exposed to leaking water providing year-round green feed. Rabbits were typically abundant in 412 and around this site and cat sightings were relatively frequent, but did not apparently impact on persistence of field-rats at the site due to the dense cover. 414
Only limited information is available on the age of this population. R. tunneyi were caught nearby in Useless Loop in 1995 Loop in , 1996 Loop in and 1998 There appeared to be major differences in the makeup and dynamics of populations in the two refuges and in the wider population. The habitat refuge consisted largely of 424 adults and an approximate equal sex ratio of males and females. Similarly, the population in the predator refuge had a sex ratio near parity and juveniles were a 426 lower proportion of the trappable population. In contrast, captures of R. tunneyi caught beyond either refuge were typically male biased and made up of a high 428 proportion of juveniles. Hence there appeared to be stable adult populations in the two refuges, largely exporting their young to less favourable habitats beyond. 430
The habitat refuge at the reverse osmosis plant was subject to constant resource inputs over time and likely maintained a relatively stable population. In contrast, shelter and 432 food in the predator refuge were influenced by rainfall and varied sharply over time.
This was reflected in the change in body condition and number of R. tunneyi across 434 the period of the irruption and subsequent collapse.
Irruptions of Rattus and other murids 436
Rodent irruptions or plagues have long been a feature of arid Australia (Newsome and Corbett 1975) for R. villosisimus). Rodents typically spiked in abundance at from 2-9 months following significant rainfall. 444 Finlayson (1935 Finlayson ( , 1939 linked such increases to vegetative flushes caused by droughtbreaking rains and flooding river channels. This was reiterated by Newsome and 446 Corbett (1975) , who attributed rodent plagues to 'great and continuing rains locally, or flood waters hundreds of kilometres away producing spectacular flushes of 448 herbage' greatly increasing food supply for rodents. Source habitats (where rats were present during non-irruptive periods) for R. villosissimus were identified as bore-450 drains, reedy springs and other mesic sites (Parker 1973, Watts and Aslin 1974) . Such source habitats may be man-made: such as the feed shed on the cattle station at 452
Brunette Downs in the Northern Territory, which appeared to be a significant refuge supplying abundant food and water to a large population of R. villosissimus (Carstairs 454 1976) . Hence the source (localised mesic refuges) and trigger (exceptional rainfall) for irruption of the R. tunneyi population on Heirisson Prong appears similar in kind 456 to that of R. villosissimus. Korpimäki et al. (2004) contended that high rates of population increase in small 458 mammals, leading to either cycles or outbreaks (irruptions), were driven largely by improvements in survival rather than in reproduction. In the case of R. tunneyi on 460
Heirisson Prong, high inputs of rainfall likely increase the level of cover in sink habitat reducing the vulnerability of field-rats to predation, but also greatly increasing 462 the spatial extent and amount of food resources. Aplin et al. (2008) suggested that R. tunneyi may have exhibited extreme fluctuations 464 in abundance in response to climate variability in the drier part of its range, similar to that documented for R. villosissimus. The study on Heirisson Prong bears this out. 466 Braithwaite and Griffiths (1996) considered R. tunneyi to be a poor coloniser relative to many other rodent species, although with a high reproductive rate (for example, ten 468 teats and able to breed all year round in riparian habitat). Watts and Aslin (1981) reported the species to have an intermediate breeding potential; less than R. sordidus, 470 R. colletti and R. villosissimus, but greater than R. leucopus. R. tunneyi is reported to have a litter size of 2-11 in the wild (Watts and Aslin 1981: 238) and in captivity can 472 have litters in quick succession. Young attain sexual maturity as early as five weeks of age. 474
The collapse of a rodent population following irruption is typically attributed to either depletion of food resources, to predation, or to a combination of the two. The poorer 476 condition of R. tunneyi on Heirisson Prong during the decline phase suggests a food shortage related either to overshooting their food supply or to declining seasonal 478 conditions impacting on food quality and supply as a key cause. This is consistent with Pavey et al. (2008) 's conclusion that the decline of rodents after irruption is in 480 part due to starvation resulting from declines in food availability, but at variance with that of Korpimäki et al. (2004) who saw food shortage acting primarily to stop 482 population increases as the population approached peak numbers, rather than being responsible for the subsequent decline. 484
Predators, including feral cats, are reported to increase in number during plagues of R.
villossismus (Carstairs 1974, Newsome and Corbett 1975) and to speed population 486 decline following irruptions (Newsome and Corbett 1975) . Recent experimental work in tropical savanna has demonstrated the vulnerability of isolated concentrations of R. 488 villosissimus to predation by feral cats (Frank et al. 2014) . Korpimäki et al. (2004) decline. An indication of the impact of feral cats on R. tunneyi on Heirisson Prong can be gauged from the more than three-fold difference in capture success on trapping 496 grids inside the predator refuge to those immediately outside.
There was some indication also of a localised increase in both nocturnal and diurnal 498 birds of prey at times when R. tunneyi were peaking, with observations of nocturnal birds of prey particularly located at the predator refuge. The sand goanna, also, was 500 conspicuous and abundant on Heirisson Prong and likely to have been a significant predator of R. tunneyi and other small mammals. Both birds and reptiles, unlike feral 502 cats, would have acted on R. tunneyi both inside and outside the predator refuge.
Distribution of pale field-rats 504
Rattus tunneyi were recorded as present at Edel Land in the early 1970s (Kitchener and Vicker 1981) , but as locally extinct on Peron Peninsula and the mainland to the 506 east of Shark Bay (McKenzie et al. 2000) . No sub-fossils were found on the islands of Dirk Hartog, Bernier, or Dorre (Baynes 1990 (Baynes , 2006 (Baynes , 2007 . Sub-fossils of field-rats 508 were found on Peron Peninsula in numerous small coastal caves and dune 'blowouts' (Baynes 2007) O'Neill, unpubl. data). These were in localised areas linked to fresh water seepage from tall dunes and were perceived to be important refuge sites for R. tunneyi.
The population of R. tunneyi on Edel Land occurs as a significant outlier to any other current mainland populations of the species. The nearest extant mainland population 524 is 1600 km to the north in the Kimberley. R. tunneyi were previously distributed through much of continental Australia, including the south-west and arid regions of 526 Western Australia (Braithwaite and Griffiths 1996) . Fossil records are widespread in central Western Australia (see Fig. 1 of Braithwaite and Griffiths (1996) ; also 528 McKenzie et al. (2000) ). The species is considered extinct in the arid Northern Territory (that area receiving < 600 mm of annual rainfall) and in South Australia 530 (Cole and Woinarski 2000; Robinson et al. 2000) .
However, the species still persists in the more mesic parts of its range. R. tunneyi has 532 been trapped in a variety of mostly mesic or dense grassy habitats in the Mitchell Plateau, Kimberley in the wet-dry tropics, variously described as 'plateau swamp', 534
'riparian situation fringing a creek with low woodland and dense tall grass', 'mixed eucalypt open forest over tall grass', and 'woodlands with dense grasses to 2 m high 536 in understorey' (Bradley et al. 1987) .
Concern has been expressed for the species in Kakadu National Park in the Northern 538
Territory, where capture rates suggested a 500-fold decline across two studies conducted in the late 1980s and early 1990s (Braithwaite and Griffiths 1996) . They 540 attributed this decline to a series of dry years that resulted in the depletion of aquifers and the consequent impact on seasonal creeks that formed important habitat for the 542 species. Creeks dried up early in the dry season of each year in the early 1990s, in contrast to earlier years when waterholes were permanent. 544
Refuge habitat: requirements, threatening processes, and conservation
The importance of localised mesic refuge sites for the species is likely linked to their 546 food requirements. R. tunneyi appear to specialise on nutritious food sources highly dependent on the availability of moisture (Braithwaite and Griffith 1996) . Hence their 548 preference for riparian habitat. They are known to favour stems and leaves of monocotyledonous plants (Watts 1977) , although they are not adapted to a highly 550 abrasive herbivorous diet (Braithwaite and Griffiths 1996) . In the tropical savanna they favoured a small number of grasses, Sorghum and Alloteropsis. Watts and Aslin 552 (1981: 20) considered they fed on a 'substantial amount of grass', eating mainly grass stems, seeds, and roots and were essentially herbivores. This was true also for Shark 554 Bay, where monocotyledons made up a large proportion of the diet at all times examined (S. O'Neill unpublished data). R. villosissimus was only able to survive for 556 7-22 days without green vegetation or water (Baverstock 1976) and it is likely that R. tunneyi may have similar or more demanding water requirements. 558 Braithwaite and Muller (1997) emphasised the role of exotic herbivores (rabbits, sheep and cattle) in impacting refuge habitat. In addition to reducing the availability 560 of cover and food, hard-hooved domestic stock, including feral goats, may impact R.
tunneyi through the trampling of their shallow burrows. Feral and domestic goats are 562 the major factors likely to impact refuge soaks in Edel Land. Rabbits, while present at many sites where R. tunneyi were trapped on Bellefin Prong and Steep Point, were far 564 less abundant than on Heirisson Prong (S. O'Neill, pers. obs.). However, rabbits fed on grasses on Heirisson Prong and had a major impact on their density, affecting the 566 temporary suitability of sink habitat also. In addition, the reduction in vegetation cover by exotic herbivores is likely to facilitate higher levels of predation from both 568 cursorial and avian predators, impacting field-rats in both refuge (source) and sink habitat. 570 Pulliam (1988) fuscipes has an LD50 of 2-8 mg/kg: Twigg et al. 1999 ) and has a low tolerance to the other major poison '1080'used for rabbit control (LD50 of 3-5 mg kg -1 : Twigg et al. 584 2003) . This highlights a management dilemma, in that while rabbits are likely to be a key adverse factor for persistence of R. tunneyi, management of rabbits by poisoning 586 may have greater adverse impacts.
The current status of the species on the more westerly peninsulas of Edel Land is 588 unknown. Further survey is required to clarify their status, identify key habitat refuges, and document changes in distribution and abundance in response to rainfall. 590 Management should be directed at maintaining high vegetation cover by excluding goats and reducing the incidence and extent of fire. 592 
